The polio type 1 (Mahoney) RNA sequence (1) has been analyzed in terms of the distribution of its mononucleotides, dinucleotides and trinucleotides (codons). The distribution of adenosine in the sequence is nonuniform, being Tower at the 5 1 end and higher at the 3 1 end. The dinucleotide CG is relatively rare and the dinucleotides UG and CA are relatively more common than expected. Codon usage is decidedly nonrandom. Codons containing CG are avoided and those ending in adenosine are favored. The asymmetric use of mononucleotides, dinucleotides and codons in polio RNA is unexplained at the present time although the lowered CG frequency may be the result of a DNA origin for polio RNA.
INTRODUCTION
We have reported recently the primary structure of the genome RNA of poliovirus, type 1 (Mahoney). This RNA is 7433 nucleotides long, covalently linked to a small protein on the 5 1 end and polyadenylated at the 3 1 end. A long open reading frame, comprising 892 of the total sequence, codes for the polyprotein NCVPOO, a gene product containing all known viral proteins. NCVPOO is post-translationally cleaved into numerous polypeptides, cleavages occurring predominantly at Gln-Gly pairs (1, and refs. therein).
Apart from its coding sequence of 6621 nucleotides, poliovirus RNA has a 3' non-coding sequence of 72 nucleotides, and a predicted 5 1 non-coding sequence of 740 nucleotides. Beyond the obvious necessity of coding for the polyprotein it is currently impossible to say why the RNA has the sequence that it has. The primary structure of a viral RNA genome is the result of many constraining factors, as the RNA serves as template in RNA replication, as messenger in translation and is substrate for assembly in morphogenesis. Imposed upon these restrictions may be features inherited from ancestral macromolecules. The assignment of structural elements within the RNA to specific functions is difficult even for signals such as the initiation site of translation (1).
Here we w i l l describe an analysis of frequencies of mononucleotides, dinucleotides and trinucleotides (codons) that may relate to the history of the v i r a l genome and i t s strategy of gene expression.
MATERIALS AND METHODS
Codon usage was analyzed by a program that we developed on the UNIVAC 1108 of the Computing Center of SUNY at Stony Brook. Other computer work was done on the Stanford MOLGEN project of the NIH SUMEX-AIM f a c i l i t y . Calculations of expected dinucleotide and codon frequencies
The expected dinucleotide frequencies were calculated from the product of the mole fractions of the component mononucleotides. A similar mole fraction product could be used to calculate the expected trinucleotide fraction [TR1(Nl,N2,N3)], but this would ignore the effect of d i f f e r e n t i a l use of amino acids i n the polio polyprotein. Therefore, the expected trinucleotide fractions TR1(N1,N2,N3) = F(N1) x F(N2) x F(N3) (I) were normalized for each amino acid as follows: In this case, the molar fraction of nucleotide N is calculated only for the coding region, and i s : U = 23.7, C = 23.2, A = 30.3, G = 22.8%.
RESULTS AND DISCUSSION

Mononucleotide frequency
The heteropolymeric region of polio RNA contains 2200 adenylates, 1732 cytidylates, 1708 guanylates and 1793 uridylates. Figure 1 shows the percent adenosine in equal lengths (1062 nucleotides) of polio RNA. The adenosine frequency is lower at the 5' end and rises sharply in the 5' to 3' direction until about 60% of the way through the genome. A similarly extreme gradient of nucleotide frequency has not been noted for any of the other three bases, nor is there a stretch rich in cytidylates in the 5 1 region of the RNA that might resemble the poly(C) found in cardio-or aphthovirus RNAs (2).
The higher than average frequency of adenylates in the 3' end of poliovirus RNA may contribute to the distinct melting profiles of poliovirus specific double-stranded RNA (3).
Dinucleotide frequency
As seen in Table 1 dinucleotide CG is frequently methylated and second, postulating that mutation (deamination) of m CG would generate TG (and CA on the complementary strand). Such an argument can be applied to an RNA virus only i f the v i r a l RNA is a f a i r l y recent descendant from a CG deficient DNA.
Alternatively, the similarity of dinucleotide asymmetries in polio RNA and vertebrate DNA may be the result of constraints imposed by the host's translational machinery or host proteins involved in replication or stabilization of the RNA.
Codon Usage
The analysis presented in Table 2 shows both the number of times each codon is used and, in parentheses, the ratio of that number to the expected use of that trinucleotide. The l a t t e r has been calculated assuming random use of the available nucleotides and normalized for each ami no acid (see Methods).
As can be seen in Table 2 codon usage within the translated region of poliovirus RNA differs from the expected values. The decreased frequency of the dinucleotide CG influences codon usage as follows: 1. CG in the f i r s t two positions of a codon (CGN) codes for arginine and these codons are used to only 1.3% (28/2207) of total codons. Taking into account the frequency of the amino acid arginine, however, CGN codons are used at 0.5 times the expected value (Table 2) . The number before the parenthesis is the number of times the trinucleotide occurs in the open reading frame of the RNA (2207 total codons). The number in parentheses is the ratio of occurrences to expected occurrences expressed as a percentage.
2. Codons with CG in position 2 and 3 (NCG) are also rare, 2.4% of the total codons, at an average of .43 times the expected.
3. Between codons (NNC GNN) CG is present at 4.2% of total codons. This appears, at f i r s t glance, to be a more frequent occurrence than for CG t o t a l l y contained in codons ( 1 . and 2. above). On closer examination that is not the case: 2656 of the codons end in C and 30% begin with G. The expected level of CG s p l i t between codons is therefore 7.9%, which is almost twice the level actually seen. A similar analysis for dinucleotide GC (NNG CCN) shows a level of 3.4%, which is much closer to the expected 4.0%. The implications of this aspect of codon usage w i l l be discussed later.
Some codon preferences such as GUG for valine and UCA for serine appear to be related to the relatively high frequencies of the dinucleotides UG and CA. Dinucleotide asymmetry appears to be a major factor affecting codon usage in polio RNA. This supports an analysis by R. Nussinov (5) that suggests that degenerate codon choice can be explained by dinucleotide patterns. Third base in codon Table 3 shows the distribution of bases in the third position of fourf o l d degenerate codons. The adenosine level in that position in polio codons compares to that of other animal virus mRNAs but is high when compared to coding regions in vertebrate RNAs. Strategy of codon usage of the viral genome Synonymous mutations, those that don't result in an amino acid change, are not t o t a l l y neutral to natural selection (6) . Surveys of sequenced nucleic acids show that codon usage is skewed in certain characteristic directions depending on the source (7). I t has been suggested that particular codons may be preferred to match the tRNA population available for translation and thus allow optimal speed in translation (8) . For example codon usage in fibroin mRNA matches the tRNA population in the s i l k glands of B. mori (8) . Poliovirus, according to this hypothesis, should have been under selection pressure to use codons that f i t the tRNA population of i t s host. Although we don't know the distribution of tRNA species in the natural host cell of poliovirus we have available many mRNA sequences for comparison. By using adenosine preferentially as the 3'-terminal base in codons, however, polio appears to be employing a different codon usage strategy from that of sequenced mammalian RNAs.
The difference in codon frequency of poliovirus vs. mammalian mRNA could result in slow translocation during translation and this could be beneficial to the virus. I f polio mRNA initiates well but does not trans- Table 5 in reference 16 locate rapidly it would effectively tie up ribosomes and result in an inhibition of host cell protein synthesis. In fact, the rate of polypeptide chain elongation early in infection in HeLa cells is about 220 amino acids per minute (9). This is much slower than the rate of 600 and 400 residues per minute found in a and B chains of hemoglobin respectively (10), where the tRNA population is optimal for the codon usage in globin mRNA (8) and a rate of 400 amino acids per minute calculated for elongation in uninfected HeLa cells (11) . Suboptimal codon usage of poliovirus RNA to slow down translation with the concomitant formation of very large polyribosomes may contribute to the shutoff of host cell protein synthesis, but an inactivation of the cap binding protein appears to be the more efficient mechanism by which host cellular translation is suppressed (12) . Not all picornaviruses, however, inactivate the cap binding protein in which case competition for initiation factors appears to be the mechanism of shutoff of host cell protein synthesis (13).
Comparison of the coding and non-coding regions may reveal the constraints imposed by the need to be translatable. In the 5' untranslated region of poliovirus (740 nucleotides) the discrimination against CG (0.84 times the expected value) is less pronounced than in the coding region. The increased deficiency of CG in the open reading frame (0.49 times expected) could be used to argue that there is a translational reason for some part o f the anti-CG b i a s . I f the tRNA population i s short o f anticodons to CG containing codons because o f the lack o f CG i n the host genome, then p o l i o w i l l also avoid CG containing codons. CG between codons should not be reduced i f the c o n s t r a i n t i s from t h i s cause alone. CG i s disciminated against when s p l i t between codons as mentioned e a r l i e r . Because o f t h i s f a c t , the RNA sequence o f p o l i o v i r u s alone gives no support t o t h i s hypothe s i s , but there may e x i s t reasons other than tRNA a v a i l a b i l i t y , t h a t keep CG lower i n the coding r e g i o n .
An a l t e r n a t i v e explanation f o r the difference i n CG frequency between the 5' untranslated region and the open reading frame invokes the DNA o r i g i n hypothesis mentioned e a r l i e r . Untranslated sequences do not have the cons t r a i n t o f having t o code f o r amino acids. P o l i o ' s 5' non-coding region i s large and may be under much less selective r e s t r a i n t than the coding region. I t would appear possible, t h e r e f o r e , that the t r a n s l a t e d segment o f p o l i o retains more o f the p u t a t i v e ancestral DNA sequence than the 5' untranslated region.
